The characteristic wavelength at which a visual pigment absorbs light is regulated by interactions between protein (opsin) and retinylidene Schiff base chromophore. By using site-directed mutagenesis, charged amino acids in bovine rhodopsin transmembrane helix C were systematically replaced. Substitution of glutamic acid-134 or arginine-135 did not affect spectral properties. However, substitution of glutamic acid-122 by glutamine or by aspartic acid formed pigments that were blue-shifted in light absorption (Amax = 480 nm and 475 nm, respectively). While the substitution of glutamic acid-113 by aspartic acid gave a slightly red-shifted pigment (Amax = 505 nm), replacement by glutamine formed a pigment that was strikingly blue-shifted in light absorption (Amax = 380 nm). The 380-nm species existed in a pH-dependent equilibrium with a 490-nm species such that at acidic pH all of the pigment was converted to Amax = 490 nm.
Rhodopsin, the visual photoreceptor of the rod cell, belongs to the family of receptors that activate guanine nucleotidebinding regulatoTy'proteins (G proteins) in signal transduction. Structural models propose the existence of seven transmembrane segments as a common motif for this membrane receptor family (1) . The primary structure of rhodopsin has been determined through amino acid sequencing (2, 3) and molecular cloning (4) . The 11-cis-retinal chromophore is linked to the opsin through a protonated Schiff base at Lys-296. A secondary structure model is shown in Fig. 1 . Rhodopsin has a visible absorbance maximum at 500 nm. Illumination isomerizes the 11-cis-retinal to the a\\-trans form, and the pigment proceeds through a series of transient photointermediates originally identified by Wald (5) . Metarhodopsin I1 activates the G protein transducin, which couples to the cyclic GMP "visual cascade" to generate a neural signal (6, 
7).
A central unanswered question in phototransduction is how do visual pigments regulate wavelength absorption? All vertebrate pigments employ the same 11-cis-retinal chromophore. Yet, absorbance maxima range from blue (420 nm) to red (560 nm). A protonated retinylidene Schiff base alone in solution absorbs maximally at 440 nm (8) . Any absorbance shift from this value ("opsin shift") must arise from interactions between the opsin and its retinylidene chromophore. A number of proposals have been made to account for the opsin shift (2700 c m l ) in rhodopsin. Kropf and Hubbard (9) suggested an electrostatic interaction between retinylidene Schiff base and charged amino acid residues. Honig et al. (10) concluded that a suitably placed negative charge in the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. $1734 solely to indicate this fact.
FIG. 1. Schematic representation of bovine rhodopsin demonstrating the seven transmembrane helices (A-G). Amino acids re-
placed in helix C and Lys-296, which forms a Schiff base with the retinal chromophore, are highlighted and numbered. The mutant opsins are listed in Table 1. protein could serve as a counterion to the protonated Schiff base and a second negative charge or a strong dipole could interact along the retinylidene polyene chain. Spectroscopic analysis of pigments reconstituted with dihydroretinal analogs (11) and NMR spectroscopic studies (12) concluded that the second negative charge was near C-12 of the polyene chain (13). Nathans et al. (14) proposed that the distribution of negative charges in the transmembrane helices of the human cone pigments might account for wavelength regulation in color vision.
We have investigated the possible involvement of charged amino acids in the opsin shift in bovine rhodopsin by sitedirected mutagenesis. Secondary structure models indicate that the third transmembrane helix (helix C) of rhodopsin might contain up to four charged amino acids: Glu-113, Glu-122, Glu-134, and Arg-135. These groups were systematically replaced in a series of 13 mutants (see Table 1 ). Replacement of Glu-113 by glutamine [mutant E113Q; the mutants are designated by the wild-type amino acid residue (single-letter code) and its position number followed by the amino acid residue that replaces it] resulted in a pigment that absorbed at 380 nm with a small second component absorbing at 490 nm. The ratio of Ajgo to reflected a pH-dependent equilibrium between unprotonated and protonated Schiff 8310 Biochemistry: Sakmar et al.
Proc. Natl. Acad. Sci. USA 86 (1989) base. We show that Glu-113 serves as the counterion of the protonated Schiff base. The roles of the other helix C charged amino acids in rhodopsin structure and color regulation are also discussed. Primary structure comparisons indicate that these findings are relevant to wavelength regulation by other visual pigments and to ligand binding by G protein-coupled receptors.
METHODS
Preparation of Rhodopsin Mutants. The mutant opsin genes were prepared by restriction fragment replacement in a synthetic opsin gene (15) that had been altered to contain unique Rsr I1 and Spe I restriction sites flanking the helix C region. Each mutation was confirmed by dideoxy sequencing of plasmid DNA. Each gene was expressed in monkey kidney (COS-1) cells as previously described (16) . After addition of retinal (114s or all-trans) in the dark, the cells were solubilized in 1% dodecyi maltoside. Pigments were purified by immunoaffinity adsorption as previously described (16, 17) .
Spectroscopy and Activity Assays. All spectra were recorded in 0.1% dodecyl maltoside/lO mM Tris, pH 7.1/100 mM NaCl/l mM CaClz at 20Â° unless otherwise specified. Illumination was performed with a 150-W fiberoptic light source and a 495-nm cut-off filter. GTPase activity assays were performed as previously described (17) . The 100-pl assay mixtures contained 1.25-5 nM pigment (based on the extinction coefficients listed in Table I ), 2.5 pM purified transducin, 20 pM GTP, 0.01% dodecyl maltoside, 10 mM Tris (pH 7.2), 100 mM NaCl, and 1 mM dithiothreitol.
RESULTS
Glutamic Acid-134 and Arginine-135 Mutants. Three single mutations (E134D, E134Q, and R135Q) and two double mutations (E134A/R135A and E134R/R135E) were prepared ( Table 1 ). The five mutant pigments were characterized by UV/visible absorption spectroscopy. Each mutant bound 11-cis-retinal to give a normal rhodopsin-like'spectrum with a Amx of 500 nm. The ability of these mutant pigments to activate transducin in a light-dependent manner was evaluated. As listed in Table 1 , substitution of Arg-135, either singly or in combination with Glu-134, severely reduced the ability of the resulting mutant to activate transducin. Charge reversal (E134RIR135E) or neutralization of both charges by substitution with alanine (E134AIR135A) completely abolished transducin activation. Neutralization of Glu-134 (E134Q), which resulted in an uncompensated positive charge at Arg-135, led to an enhancement of transducin activating ability. Replacement of Glu-134 by aspartic acid (E134D) resulted in a moderate reduction in activity. These results are consistent with the Glu-134/Arg-135 charge pair playing a role in transducin binding or activation. There is no support for a direct interaction of Glu-134, or the charge pair, with the retinal chromophore. These amino acids are likely to form the cytoplasmic border of helix C in rhodopsin. It is possible that the transmission of the signal of retinal photoisomerization from the membrane-embedded domain to the cytoplasmic domain of rhodopsin involves a displacement of helix C to expose Arg-135 to transducin.
Glutamic Acid-122 Mutants. Glu-122, a membraneembedded amino acid, could interact with the chromophore and be involved in wavelength regulation in rhodopsin. Glu-122 was replaced by lysine (E122K), glutamine (E122Q), or aspartic acid (E122D) ( Table 1) . Mutant opsin E122K did not bind 11-cis-retinal. The polyacrylamide gel pattern of this mutant displayed multiple bands similar to previously reported cysteine mutants that are aberrantly glycosylated (19) . It is likely that introduction of a positive charge into the transmembrane helix prevented proper folding of the mutant E113Q was also regenerated with all-trans-retinal. 'Values for Amax were determined in 0.1% dodecyl maltoside detergent solution (pH 7.1) at 20Â°C In the case of E113Q and the double mutant E113QIE122Q. the An, , , value at pH 3.3 is also given. ^Extinction coefficients were determined by acid denaturation of each mutant opsin to give a 440-nm peak. The ratio of absorption at the Amax in the dark to the absorption at 440 nm after acid treatment in the dark was compared to that of rhodopsin. The extinction coefficient of rhodopsin was assumed to be 42,700 M^-cml (18) . It should be noted that in the cases of E113Q (11-ci.t) and E113Q/ E122Q, the extinction coefficients at 380 nm are a function of pH, as discussed in the text. Extinction coefficients for these pigments are at pH 7.1. All values were rounded to the nearest 500 ~^-c m ' . ^GTPase activity refers to the lightdependent activation of the GTPase activity of purified bovine transducin except for the E113Q (all-trans) sample, which was assayed in the dark. The general conditions of the assay are presented in Methods. The values are normalized to the activity of rhodopsin purified from COS cells. Each time a mutant opsin was expressed and purified, COS cell rhodopsin was prepared as well in parallel. Activity assays were always performed with the appropriate copurified rhodopsin in parallel as an internal control. The amount of pigment assayed was based upon the extinction coefficients. Background rhodopsinindependent transducin GTPase activity was subtracted. Activities were not adjusted for any decay of metarhodopsin 11-like species that may have occurred during the 8-min course of the assay. Illumination was begun 1 min before addition of GTP to start the hydrolysis reaction. Illumination wasconstant during theassay with light of wavelength greater than 495 nm. Each value is the average of two to four independent determinations on separately purified preparations. s~ctivity decay (TI,,) was determined by illumination of each sample for 2 min and then incubation in the dark at 20Â°C At various times, aliquots were removed and assayed for residual GTPase activating activity in the dark. Decay followed first-order kinetics. Values given are half-lives of active species.
r-
The mutant opsin did not bind 11-cis-retinal.
protein such that it would not bind retinal. Replacement of Glu-122 by glutamine or aspartic acid produced blue-shifted pigments with Amax values of 480 nm and 475 nm, respectively. Thus, in rhodopsin, a significant portion of the opsin shift may result from an interaction between the retinal chromophore and Glu-122 as discussed below. In transducin activation assays, E122Q displayed slightly reduced activity, whereas E122D displayed enhanced activity (Table 1) .
Glutamic Acid-113 Mutants. Although Glu-113 has been placed outside of the membrane bilayer in proposed secondary structural models of the visual pigments (14, 20) . the possibility that it might be inside the membrane and be able to interact with the chromophore was considered. As shown Biochemistry: Sakmar et at.
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in Table 1 , three mutants were constructed in which Glu-113 was replaced by lysine (E113K), glutamine (E113Q), or aspartic acid (E113D). Mutant E113K did not bind 11-cisretinal to form a chromophore. It displayed a multiple-band polyacrylamide gel pattern similar to that of E122K. This result was consistent with Glu-113 being localized within the bilayer since introduction of a positive charge prevented proper folding of the mutant and thus did not allow 11-cisretinal binding. Replacement of glutamic acid-113 by glutamine (E113Q). Mutant E113Q regenerated with 11-cis-retinal formed a pigment with Amax = 380 nm with a small second component absorbing at 490 nm at neutral pH ( Fig. 2A) . The proportion of these two species depended on pH. At pH 3.3, the pigment was completely converted to the 490-nm form, whereas at pH 8.8 only the 380-nm form was obtained. A single isosbestic point was observed for this reversible interconversion (Fig.  2B) . Wild-type rhodopsin maintained normal 500-nm absorption throughout this pH range (pH 3.3 to 8.8) as previously shown (21) . The two forms of the E113Q pigment appeared to be a pH-dependent equilibrium mixture of unprotonated (Amax = 380 nm) and protonated (Amax = 490 nm) retinylidene Schiff base species. It is also possible that the Schiff base imine is in equilibrium with the corresponding neutral carbinolamine as proposed for rhodopsin by Cooper et al. (22) . The pKa of the Schiff base in mutant E113Q appears to be about 6 (Fig. 2B ), in agreement with values measured for model retinylidene Schiff base compounds in detergent solutions (22) .
At pH <2, the mutant E113Q pigment absorbed at 440 nm, which is characteristic of the protonated retinylidene Schiff base linkage devoid of protein-chromophore interactions (8) . Rhodopsin treated under the same conditions also formed a 440-nm-absorbing species. These results confirm that the mutant E113Q rhodopsin contained 11-cis-retinal in a covalent Schiff base linkage.
Illumination and transducin activation of El13Q. Illumination of E113Q by light of greater than 495-nm wavelength at pH 7.1 caused the disappearance of the 490-nm peak with a concomitant increase of the 380-nm peak ( Fig. 2A) . Illumination at basic pH, where the 490-nm peak was absent, did not produce a change in the spectrum. Mutant E113Q did not Wavelength, nm
FIG. 2.
UV/visible spectroscopy of the Glu-113 mutant pigments. (A) Mutant E113Q regenerated with 11-cis-retinal showed a dark spectrum with a Am= of 380 nm and a small second peak at 490 nm (-) . Illumination produced a loss of the 490-nm peak with an increase of the 380-nm peak (-----). This bleaching behavior was pH dependent. (B) The mutant pigment E113Q spectrum was pH dependent. A single isosbestic point is noted for the pH-dependent reversible interconversion between the 380-nm and 490-nm species in the dark. The data suggest that the pKaof the Schiff base in E113Q may be near 6. (C) The dark spectrum of mutant E113D regenerated with 11-cis-retinal displayed a red-shifted Am= of 505 nm (-). However, upon brief illumination (2 sec) at 1O0C, a shift to 480 nm, consistent with the stable formation of a metarhodopsin 1-like species, was observed (----) . This species decayed in the dark over 30 min with gradual warming to 3WC to a 380-nm peak as shown
stimulate (Fig. 3) . The activation was slightly greater than that shown by rhodopsin treated under identical conditions (Fig. 3 and Table 1 ). This result suggested that all of the pigment was converted to the active metarhodopsin 11-like form by light with a wavelength greater than 495 nm and supports the proposal that the 380-nm and 490-nm forms of the E113Q pigment are in equilibrium. Illumination of the 490-nm protonated Schiff base species eventually isomerizes all of the pigment to the all-trans unprotonated Schiff base metarhodopsin 11-like form (380 nm) as depicted in Scheme I. 3 . Stimulation of transducin GTPase activity by mutant pigments. The ability of mutant opsin E113Q (regenerated w i t h 11-cis-retinal or all-trans-retinal) to activate transducin was compared to wild-type COS-1 cell rhodopsin (Rho; A). The mutant regenerated with 11-cis-retinal was inactive in the dark (dim red light) (e) but was fully active upon illumination (0). The slight enhancement of activity over wild-type rhodopsin may be due to the slower metarhodopsin 11-like decay of the mutant (half-life of 150 min versus 18 min). The mutant regenerated with a\\-trans-retinal was able to activate transducin in the dark (a). The relative activities of all of the mutant pigments are shown in Table 1 .
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Proc. Nail. Acad. Sci. USA 86 119891 nm, indicating that the all-trans-retinal formed an unprotonated Schiff base linkage. Illumination o f the a\{-trans pigment by light with a wavelength greater than 495 nm produced no change from the dark spectrum. The E113Q pigment regenerated with all-trans-retinal was locked into a rneirhodopsin 11-like conformation as indicated by its ability to stimulate the GTPase activity o f transducin in the dark (Fig. 3) . Dark activity levels averaged about 50% of wild-type photoactivated rhodopsin levels (Table 1) . Opsin and E113D ipoproteins treated with all-trans-retinal under identical conditions did not activate transducin in the dark. The dark activity of this pigment decayed at a rate similar to that of the photoactivated E113Q 11-cis-retinal-regenerated pigment (half-time o f about 150 mid.
Hydroxylamine treatment of mutant E!f3Q. Mutant pigment E113Q was treated with hydroxylamine in the dark at neutral pH. Rapid release of a 370-nm-absorbing species characteristic o f the retinal oxime moietv was observed. The Schiff base in native rhodopsin was resistant to hydroxylamine under identical conditions in the dark, but reacted upon illumination. Replacement of glutamic acid-I13 by aspartic acid (El13D). Mutant E113D bound 11-cis-retinal to yield a redshifted pigment with A, , , , , = 505 nm (Fig. 2C) . Upon illumination, the 505-nm peak was converted to 480 nm, consistent with a metarhodopsin I-like (all-trans) species. This 480-nm species decayed slowly in the dark to a 380-nm form (Fig.  2C) . The metarhodopsin [-like (protonated Schiff base) to metarhodopsin M i k e (unprotonated Schiff base) transition appeared to be markedly slowed down in E113D with respect to rhodopsin. Mutant E113D was able to activate transducin to nearly normal levels (Table 1) .
Double mutants: replacement of glutamic acid-I13 and glutamic acid-122. Replacement of Glu-113 and Glu-122 by lysines (E113KIE122K) resulted in a mutant opsin that did not bind 11-c;s-retinal. The band pattern on polyacrylamide eels was similar to those of the single reolacement mutants -E113K and E122K as described above. The double mutant E113QIE122Q displayed spectral properties that combined those of the single mutants E113Q and E122Q. The pigment regenerated with 11-cis-retinal to form Amax = 380 nm in the dark. Acid titration of this double-mutant pigment gave aAmaX = 470 nm. These two soecies ( A, . , . , , = 380 nm and 470 nm) showed a p~-dependeni equilibrium as described above for E113Q.
DISCUSSION
The data show that Glu-113 in rhodopsin serves as the counterion l o the protonated retinsliden& Schiff base. Without this counterion. sicntficant Schiff base protonation does convert the pigment to Amax = 490 nm occurs only at acidic pH. Under these conditions, it is not clear whether another carboxylate group in the protein can serve as the imine counterion or whether a solvent anion such as chloride can serve the same role. The accessibility of the mutant Schiff base to hydroxylamine reaction in the dark would suggest that a solvent anion might be able to enter the binding pocket to form the counterion under acidic conditions.
Ulumination of the mutant E113Q pigment by light with a wavelength greater than 495 nm formed a species (An,-,. = 380 nm) thatcould activate transducin. under these conditions, the ohotoactivation oathwav oroceeds through the 490-, .
nm-absorbing species and involves retinylidene Schiff base deorotonation. The retinal isomerization and Schiff base deprotonation that apparently occur in mutant E113Q upon illumination are analogous to some key steps in the process of conversion of rhodopsin to the active metarhodopsin I1 (Amax = 380 nm) species (23). I t is not known as yet whether the mutant E113Q unprotonated retinylidene Schiff base species (Amax = 380 nm) can be activated directly by illumination with near-UV light. The active form of mutant El130 is remarkably long-lived when compared to rhodopsin under identical conditions (half-life of 150 min and 18 min, respectively). This stability appears to result from a slower rate of retinylidene Schiff base hydrolysis in mutant E113Q. Therefore, Glu-113 may catalyze hydrolysis of the Schiff base in ohotolvzed rhodopsin. Catalysis of Schiff base hydrolysis in rhodoisin by a carboxyl group has been proposed' (22) .
Interestingly, mutant opsin E113Q bound all-trans-retinal to form a pigment with Amax = 380nm. Furthermore, this pigment would activate transducin in the dark. Replacement of Glu-113 with glutamine apparently makes the retinal binding pocket more flexible. The mutant regenerated with all-trans-retinal apparently bypasses the usual rhodopsin photointermediates in forming a conformation that is able to activate transducin. The properties of mutant E113D further support the role of Glu-113 as the retinylidene Schiff base counterion. ReplacementofGlu-113 by asparticacid (E113D) resulted inaslightly red-shifted niament (A, . , -. , = 505 nm). This red shift is consistent with m o v e m e t i i f the counterion away from the protonated Schiff base imine (24, 25) . which would be expected to result from a shortened side chain (glutamic acid to asoartic acid). Illumination of mutant E113D produced a 480-nm-absorbing species that slowly decayed inthe dark to Amax = 380 nm. I n rhodop'sin, conversion from metarhodopsin 1 (A, , , , , = 480 nm) to metarhodopsin I 1 (A,,,., = 380 nm) involves deprotonation of the Schiff base imine (23) . I n mutant E113E, the corresponding Geprotonationof the Schiff base may be hampered, resulting i n a stabilized 480-nm-absorbing metarhodopsin I-likeintermediate. Thus. replacing one carboxylate side chain (glutamic acid) with another having a lower pKa and a shorter side chain (aspartic acid) may make i t more difficult for the proton to be transferred from the imine to the carboxylate counterion.
A major determinant in wavelength regulation of retinalbased pigments is the protonation state of the retinylidene Schiff base. Unprotonated Schiff base pigments might be expected to absorb from about 370 nm to 440 nm, whereas protonated Schiff base pigments would absorb at wavelengthsgreater than 440 nm (26). We have shown that Glu-113 regulates the Schiff base protonation state in rhodopsin. Interestingly, the mutant pigment E113Q in which the Schiff base is protonated by acid treatment absorbed with a Amax = 490 &The simple interpretation is that the glutamic acid to glutamine replacement blue-shifted the Am= of the acidprotonated ~c h i f f base chromophore by 10 nm. Under these conditions, a solvent anion may serve as counterion, and hydrogen bonding of the Schiff base proton to the carbonyl oxygen of Gin-113 in mutant E113Q may occur. These findings are consistent with previously proposed models of the opsin shift in rhodopsin in which a small contribution to the bathochromic shift arises from hydrogen bonding between the Schiff base proton and opsin and from the specific distance between ~c h i f f base positive charge and itscountenon (24) . I n addition, electrostatic interactions between the chromophore polyene chain and a charged amino acid of the opsin have been proposed (24) .
Glu-122 was a candidate to interact with the retinylidene chromophore and to contribute to the opsin shift i n rhodopsin. A photoaffinity analog of 11-cis-retinal was shown
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FIG. 4 . Comparisons of the amino acid sequences of putative transmembrane helix C of eight visual pigments and a Bz-adrenergic receptor. The star (*) indicates the position of the Glu-113 to glutamine mutation in bovine rhodopsin. Charged residues are underlined and are boldfaced. The helix borders, cysteine at the extracellular end and arginine at the cytoplasmic end, are conserved. In the Drosophila Rl-6 and R8 pigments, it is not known whether the aspartic acid residues adjacent to the border cysteine can fulfill the role of the Schiff base counterion. However, it is interesting to note that the R7 pigment, which absorbs at 370 nm and therefore may contain an unprotonated Schiff base linkage, lacks a carboxylate group at this position. The octopus rhodopsin also lacks a potential counterion in helix C. This pigment resembles mutant pigment E113Q in that the Schiff base remains unhydrolyzed after photolysis. Also, the octopus rhodopsin could be converted from an acid metarhodopsin absorbing at 510 nm to an alkaline form absorbing at 376 nm (29). BoRho, bovine rhodopsin (4); HuRed, human red iodopsin (14) ; HuGre, human green iodopsin (14) ; HuBlu, human blue iodopsin (14) ; OcRho, octopus rhodopsin (35); DrRl-6, Drosophila Rl-6 rhabdomere pigment (30, 31); DrR7, Drosophila rhabdomere pigment (32); DrR8, Drosophila rhabdomere pigment (33); BAR2, hamster fe-adrenergic receptor (1).
to crosslink several amino acids in helix C and helix F, including Glu-122 (27). Substitution of Glu-122 by glutamine formed a pigment with Amax = 482 nm (27). In the present study, mutant opsins E122Q and E122D bound 11-cis-retinal to yield blue-shifted pigments (480 nm and 475 nm, respectively). This degree of color shift implies that Glu-122 in rhodopsin interacts with the retinylidene chromophore to account for a portion of the opsin shift. It is not clear at this time why the replacement of Glu-122 by aspartic acid, which retains a carboxyl group, yields a pigment with a greater blue shift than the pigment in which the charge was neutralized by replacement with a glutamine. An indirect effect of these mutations on chromophore structure cannot be ruled out. However, these results may indicate that Glu-122 is present in the protonated (uncharged) state in rhodopsin. The effects of other charged amino acids and of aromatic amino acids on the opsin shift must be evaluated as well. If other charged amino acid side chains cannot be demonstrated to interact with the chromophore, then the chromophore binding site may be neutral as proposed previously (24, 28) .
Because of primary structural homologies, these results may also be extended to other visual pigments (Fig. 4) . In the vertebrate visual pigments, a glutamic acid corresponding to Glu-113 in bovine rhodopsin is conserved. Two of the Drosophila pigments also contain a glutamic acid adjacent to a conserved cysteine near the intradiskal surface of helix C. Interestingly, the Drosophila UV pigment (R-7) does not. The absence of this potential Schiff base counterion may explain the absorption maximum of about 370 nm of this pigment, which is similar to that of mutant E113Q. The Drosophila photopigments reversibly interconvert between two spectrally distinct forms upon photon absorption (34). The photoconversion of the Drosophila R-7 pigment between 370-nm and 470-nm species may involve protonation and deprotonation of the Schiff base. The octopus rhodopsin lacks a potential Schiff base counterion in helix C (Fig. 4) (35) . The Schiff base in this pigment remains unhydrolyzed after photolysis. Also, the octopus rhodopsin could be converted from an acid metarhodopsin absorbing at 510 nm to an alkaline form absorbing at 376 nm (29). An aspartic acid (Asp-113) in helix C of a fiz-adrenergic receptor has also been indicated to be the counterion to cationic amine ligands (36).
